We present a multiple-scattering method in conjunction with supercell calculations to study the electromagnetic surface states in two-dimensional metallodielectric photonic crystals. In the case of dielectric photonic crystals with cylindrical scatterers, this method is able to produce surface states inside a partial or full gap for p-polarized waves, similar to those found previously by using the method of plane-wave expansion. However, in two different systems of metallodielectric photonic crystals we have studied here, we do not find surface states. This is true for both perfect metal and metal with a Drude-like dielectric function. The absence of surface states may be attributed to the expulsion of electric field from the surface into the homogeneous medium due to the presence of metallic component, making the formation of surface unfavorable.
I. INTRODUCTION
In the past few years, a great deal of effort has been devoted to the study of photonic crystals both theoretically and experimentally. [1] [2] [3] [4] [5] [6] [7] [8] [9] Since a photonic crystal can have a spectral gap in which electromagnetic wave propagation is forbidden in all directions, it offers the possibility of controlling the flow of photons in a way analogous to electrons in a semiconductor. For instance, photonic crystals can suppress vacuum fluctuation and spontaneous emission, and can lead to interesting quantum electrodynamics effects. [1] [2] [3] It has potential applications in quantum electronic devices, distributed-feedback mirrors, microwave antennae substrate, and its unusual optical properties can be exploited to control and guide the propagation of light. 8 In fact, the prediction that photonic crystals would lead to efficient semiconducting lasers has also been a strong motivation for their development.
In real materials, photonic crystals are always finite in size and, therefore, surface states may exist. [10] [11] [12] [13] [14] [15] The existence of surface states can directly affect the performance and efficiency of photonic crystals in applications. Thus, it is important to study the surface states in photonic crystals. Meade et al. 10 were the first to study and discuss theoretically the importance of surface modes of truncated photonic crystals in a three-dimensional ͑3D͒ dielectric diamond structure. They found that surface electromagnetic modes always exist for some termination position of the surface plane in structures supporting complete band gaps. Experimentally, the surface waves were detected at GHz frequencies in a 2D array of parallel alumina ceramic rods of circular cross section. 11 In this experiment, no evidence of surface modes was found for crystals terminated by complete rods for s-polarized waves. However, the surface modes were detected with the surface layer of cylinders cut in half ͑hemi-cylinders͒. Subsequently, the p-polarized surface states were studied in a dielectric photonic crystal of triangular lattice in two kinds of terminated surface with a complete cylinder surface layer. 12 Recently, the surface waves in 2D photonic crystals with square dielectric cylinders arranged in a square lattice were investigated by Ramos-Mendieta and Halevi 13, 14 and Elson and Tran. 15 They show that surface modes may appear in incomplete, as well as, complete gaps.
In the past, all the studies on surface states were done for dielectric photonic crystals and the theoretical method used was the plane-wave expansion. Recently, there has been increasing interest [16] [17] [18] [19] [20] [21] [22] in metallodielectric photonic crystals due to the existence of large complete gaps in such systems. The natural question to ask is whether the existence of a metallic component in photonic crystal would favor the formation of surface states or not. In order to answer this question, we have generalized the multiple-scattering method in conjunction with supercell calculations in a slablike geometry to study the surface states in metallodielectric photonic crystals in two dimensions. Due to the existence of a metallic component, the plane-wave expansion converges slowly and becomes inefficient. This difficulty does not exist in the method of multiple scattering as the scattering properties of each scatterer ͑simple or complex͒ can be determined analytically. The multiple-scattering method ͓or the KorringaKohn-Rostoker ͑KKR͒ method͔ has been used to calculate band structures in an infinite periodic system. 9, 16 Here we study the surface states in two different kinds of metallodiectric photonic crystals in a square lattice with cylindrical scatterers that are either pure metallic or of layered type with each metallic cylinder coated with a dielectric layer.
In order to check the validity of our method, we have also studied the surface states in dielectric photonic crystals. For the case of a s-polarized wave, we do not find surface waves with a complete rod surface layer. This is consistent with the results of previous studies. For p-polarized waves, our multiple-scattering results show that the Bloch-type surface modes can exist in both complete and partial gaps in dielectric structures with a complete rod surface layer. This is also in agreement with previous finding on systems with squareshaped scatterers. However, for the metallodielectric photonic crystals we have studied here, we do not find the surface states. This is true for both ''perfect'' metal and metal modeled with a Drude-like dielectric function. The existence of a metallic component tends to expel the electric field from the surface into the homogeneous medium and make the formation of surface states unfavorable. Of course, the absence of surface states in the systems we have studied here does not imply the absence of surface states categorically in all metallodielectric photonic crystals. In fact, we show explicitly in one case how surface states disappear gradually when metallic rods with increasing radii are inserted into a dielectric photonic crystal that supports surface states.
II. THEORY
We consider a 2D photonic crystal that is infinite in the y direction and of finite thickness in the x direction as is shown in Fig. 1 . Since the system is periodic in the y direction, the problem can be reduced to a supercell calculation. A supercell is shown in the frame formed by dashed lines in Fig. 1 . We consider only the propagation of electromagnetic waves perpendicular to the z axis and assume that all physical quantities are independent of z. In this case, the electromagnetic wave can be decomposed into s polarized (S wave͒ and p-polarized ( P wave͒ waves. If we use u to represent the electric and magnetic fields in the z direction for S and P waves, respectively, the corresponding eigen equations take the forms
and
where k 0 2 ϭ 2 /c 2 , is the wave frequency, ( ជ ) is the dielectric constant in space, and c is the wave speed in vacuum.
The method of multiple scattering for a bulk system has been described in Refs. 9 and 16. Here we follow the notations in Ref. 9 . Let us first consider the scattering of a particular cylinder j located at ជ j ϭ( j , j ) under an external source u inc ( ជ ) at a fixed frequency ϭ2 f . The incident waves come from both the radiation of other cylinders and the external source. The total field outside the cylinder j can be written as the sum of the incident and scattered fields, i.e.,
where ជ j ϭ ជ Ϫ ជ j ϭ( j , j ) and ជ ϭ(,) specify the position in a two-dimensional plane. ␣ m ( j) and B m ( j) represent the expansion coefficients of the incident and radiated waves at the jth cylinder, respectively. J m and H m (1) are, respectively, the Bessel function and the Hankel function of the first kind. For a layered scatterer with l coating layers, we denote the radius of the ith layer as r i , iϭ1, . . . ,l, r i Ͻr iϩ1 . The refractive index of the ith layer is represented by n i , therefore, k i ϭk 0 n i . Using boundary conditions, we can derive the ratio
where T (m) is a 2ϫ2 transfer matrix, which can be determined from the products of l matrices:
here T (i,m) is also a 2ϫ2 matrix,
where eϭk iϩ1 , bϭk i for S waves; eϭk i , bϭk iϩ1 for P waves.
If we expand the external field at the ith cylinder as
␣ m (i) can be expressed as the sum of ␣ m 0 (i) and contributions from other cylinders that depend linearly on B l ( j).
With the use of the Graf's addition theorem, a set of selfconsistent equations for B m can be obtained
where
To determine the eigenmodes, we have to turn off the external source and ask for the conditions of nontrivial solutions in Eq. ͑11͒. For a slablike photonic crystal, which possesses infinite periodicity in the y direction, we should use Bloch-wave representation in the y direction and choose a supercell that contains all cylinders in the x direction as shown in Fig. 1 . If we denote the th lattice site in the nth supercell as (n,) and k as the Bloch wave vector in the y direction, in the absence of an external field, Eq. ͑11͒ is transformed into the form
where ជ Ј ϭ ជ Ј Ϫ ជ and a is the lattice constant. To evaluate the lattice sum in Eq. ͑13͒, we have generalized the method developed by Chin et al. 23 to the supercell geometry. A brief derivation is given in the Appendix. Equation ͑13͒ can be re-expressed as
where k ជ ϭ(k, k ) and is an infinitesimal positive number.
m is a parameter introduced for the calculation of lattice sum. To integrate Eq. ͑16͒, we split the factor 1/(k 0 2 Ϫk 2 ϩik 0 ) into a principal part and a ␦ function in the imaginary part. The real part is integrated numerically, whereas the imaginary part can be integrated analytically. From the Appendix, it is easy to see that G m, Ј m Ј (k ) is independent of the choice of the parameters m . We have checked this point numerically. However, in the calculation, it is preferable to choose m ϭ1 as was pointed out in Ref. 23 . For each Bloch wave vector, the roots of the following secular equation represent both bulk states and surface states:
͑17͒
In our calculation, we have truncated the lattice sum ͚ n F m Ј Ϫm in Eq. ͑14͒ at n 0 ϭ20. This ensures a high accuracy of our calculations. It will be shown at the end of the next section that the percentage error introduced in eigenfrequecies is less than 0.1%.
III. NUMERICAL RESULTS AND DISCUSSION
We first study the case of dielectric cylinders with the dielectric constant ϭ11.4. For S waves, it is known that surface states normally do not exist when the surface is terminated with a complete cylinder of circular cross section.
11
To test our method, we have solved Eq. ͑17͒ in a ten-layer sample with cylinder radius Rϭ0.38 ͑in units of lattice constant a). For each Bloch wave vector, the roots of Eq. ͑17͒ can be grouped into quasicontinuous bands that are separated by gaps. The projected bands so obtained coincide with the results of band-structure calculations of an infinite system. This verifies that our Eq. ͑14͒ is correct and accurate. However, we cannot find split-off modes inside the gaps that represent the surface states. This is in agreement with the theoretical calculation and experiment measurements of Ref.
11 that surface states do not exist in the surface terminated by complete rods for S waves.
For P waves, the situation is different. Figure 2͑A͒ displays the bulk band structures for P waves in a square lattice with Rϭ0.38 and ϭ11.4. In Fig. 2͑B͒ , we plot the band projection along the y direction corresponding to Fig. 2͑A͒ . Note that the vertical scale is different for Fig. 2͑A͒ and Fig.  2͑B͒ . Each shaded region is bounded by two curves that correspond to k x ϭ0 and /d. It should be mentioned that k x and k y are symmetric in square lattice and k y also represents the Bloch wave vector k in Eq. ͑14͒. The dotted line on the right-hand side of the lightline ͑the dashed line in the gap͒ in Fig. 2͑B͒ represents the dispersion curve of surface modes in a ten-layer sample. This kind of mode represents a Blochtype wave that is caused by the interference effects near the surface of the photonic crystal. The origin of this surface mode is different from the well-known surface polaritons in a metal surfaces that is a result of a negative dielectric constant. It should be mentioned that the surface modes obtained here are doubly degenerate due to the existence of two surfaces in a slablike geometry. When the layer number is reduced to three or four, the degeneracy will split as the modes at two interfaces couple to each other.
When the dielectric constant of a cylinder increases, complete gaps can also appear for P waves. In Fig. 3͑A͒ , we plot the bulk band structures for P waves in square lattice with Rϭ0.38 and ϭ17.9 ͑e.g., GaSb cylinder͒. A complete photonic band gap opens up between the first and second bands. Inside this gap, we find surface modes in a slab of ten layers as shown by the dotted line in Fig. 3͑B͒ . Thus, our results for dielectric photonic crystals are consistent with the previous calculations of square cylinders that surface modes can occur in both incomplete and complete band gaps. [10] [11] [12] [13] [14] [15] To study the surface states in metallodielectric photonic crystals, we consider two different systems. In the first system, we insert a metallic rod in the center of each dielectric cylinder, resulting in ''coated cylinder'' photonic crystals. For the metallic component, we first take the dielectric constant as ϭϪ1000 for simplicity. This is close to the case of perfect metal. In the case of Rϭ0.38 and ϭ11.4, a complete gap between the third and fourth bands can be found for P waves when the radius of metallic insertion is between rϭ0.12 and 0.23. Within this range, we do not find any surface state. As an example, in Fig. 4͑A͒ we plot the band structures when the inner radius rϭ0. 18 . A complete band gap opens up in the normalized frequency range 0.4328 рa/2cр0.4582 as indicated by two dash-dotted lines. The result of surface state calculation is shown in Fig. 4͑B͒ . We do not find any surface state to the right of the lightline ͑the dashed line͒ inside the gap. The absence of any surface state may be attributed to the following reason. Since the existence of a surface state requires electromagnetic energy localization in the high-dielectric region near surface layers, 10, 11, 13 adding a metallic component in the dielectric cylinder tends to expel the field away from the surface into the homogeneous medium and, hence, hinder the formation of surface states. This effect is also expected for 3D photonic crystals. The phenomenon of field energy repulsion in such coated cylinders has been studied recently in bulk photonic crystals. 24 The absence of any surface state in the above metallodielectric photonic crystals does not depend on the choice of a dielectric constant for the metallic component. In fact, we have also adopted the Drude-like dielectric constant for the metallic component, i.e., ϭ1Ϫ f p 2 / f 2 , where f p is the plasma frequency. The value of f p is taken as 3600 THz. 17, 20 When the lattice constant is 0.5 m, the results are shown in Figs. 5͑A͒ and 5͑B͒ in the normalized units. Again, we do not find surface states inside the gap. It should be pointed out that although the absorption is not included in our calculation, nevertheless, its inclusion is not expected to affect our results. For bulk photonic crystals, it has been shown in Refs. 20 and 21 that the presence of absorption will only affect the band structures slightly, as long as the frequency is not close to the plasma freqency.
We have also studied the surface states for the case of pure metallic cylinders. For various cylinder radii up to R ϭ0.45, we do not find any surface state. A typical result is Finally, it should be pointed out that the absence of any surface state in the metallodielectric photonic crystals we have studied above does not imply the nonexistence of surface states in all metallodielectric photonic crystals. For instance, in dielectric photonic crystals that can support surface states, the insertion of a tiny fraction of a metallic component should not destroy the surface state suddenly. To study how the surface state disappears as the metallic volume fraction increases, we consider the system shown in Fig. 3 . After the insertion of a metallic cylinder at the center of each dielectric cylinder, our calculations show that the surface state and gap position of the system change very slightly from that shown in Fig. 3 when the inner metal radius r is less than 0.01. Noticeable changes are found when rϾ0.01. In Fig. 7 , we show the results for rϭ0.07 as an example. The surface state shifts upward from the dot-dashed line to the dotted line, and the band edges also shift from the solid line to the longdashed line. If r is increased to 0.09, the surface state disappears completely, while the gap position becomes 0.2468 рa/2cр0.2518.
In addition, we would like to discuss the accuracy of the results presented above. Since the accuracy of our results depends very much on how accurately we evaluate the lattice sum in Eq. ͑14͒, here, by choosing different truncations n 0 in the series, we estimate explicitly the percentage error involved in a typical lattice sum and show the reliability of our calcuations. In Table I below, we list values of the lattice sum of a particular set of parameters, i.e., a/2cϭ0.25, mЈϭϪ3, mϭ1, , Ј ϭ0 at various truncations n 0 . In our calculations we have chosen n 0 ϭ20. However, from Table I we find the difference between the values of the lattice sum truncated at n 0 ϭ20 and n 0 ϭ40 is only about 0.12%. To see how such a small difference could affect the results of our calculations, we have recalculated the surface states shown in Fig. 7 by using n 0 ϭ40. We find that the error introduced by the truncation in eigenfrequecies is generally less than 0.1%. For example, the surface state, shown in Fig. 7 without metal rods, at k y ϭ0.6 changes from a/2cϭ0.25 311 at n 0 ϭ20 to 0.25 328 at n 0 ϭ40, and at k y ϭ0.7, it changes from a/2cϭ0.26 032 to 0.26 046.
IV. CONCLUSION
We have generalized the multiple-scattering method in conjunction with supercell calculations to investigate the surface states in two-dimensional metallodielectric photonic crystals with cylindrical scatterers. In the case of dieletric photonic crystals, we find surface states for P waves in both incomplete and complete gaps. This is consistent with results of previous studies based on the plane-wave expansion. However, in two different kinds of metallodielectric photonic crystals we have studied, no surface state is found. The absence of any surface state may be caused by the field energy expulsion from the surface into the homogeneous medium due to the presence of metallic cylinders. This makes the formation of surface states unfavorable. A similar effect is expected in 3D photonic crystals that contain a metallic component. 
